share very limited homology to the two subunits of the bacterial CTs (Fig. 1A) . They do not share any recognizable homology with other proteins in the sequence database.
We expressed and purified the CT domain of yeast ACC, which constitutes the 90-kD fragment at the C terminus of the protein (Fig. 1A  and fig. S1 ). The CT domain of yeast ACC shares 50% sequence identity with that of human ACCs. The structure of the free enzyme was determined at 2.7 Å resolution by the selenomethionyl single-wavelength anomalous diffraction method (Table 1 and fig. S2 ) (12) . The structure of CT in complex with CoA was determined at 2.7 Å resolution from a crystal grown in the presence of 2 mM acetyl-CoA (Table 1) . Several attempts at determining the binding mode of the biotin substrate were unsuccessful, possibly because binding has low affinity. The Michaelis constant (K m ) of biocytin, an analog of biotin, for the E. coli CT has been reported to be about 8 mM (13) . The atomic coordinates have been deposited at the Protein Data Bank, with accession codes 1OD2 and 1OD4.
The crystal structures show that each CT domain molecule is made up of two subdomains (N and C domains) that are intimately associated with each other (Figs. 1C and 2, A and B). This domain organization of CT is consistent with the fact that the N-and Cterminal halves show limited sequence homology to the ␤ and ␣ subunits of the bacterial CT, respectively (Fig. 1A) . More than 50 residues at the N terminus and 30 residues at the C terminus (together with the His tag) are disordered in both structures.
The N and C domains share similar polypeptide backbone folds, with a central ␤-␤-␣ superhelix (Fig. 2, A and B) . A total of 127 equivalent C␣ atoms can be superimposed to within 2.5 Å of each other between the two domains, and the root mean squares (rms) distance for these atoms is 1.3 Å. However, the amino acid sequence identity between these 127 residues is only 12%, underscoring the lack of sequence conservation between the two domains. The backbone fold of the two domains is similar to that of the crotonase/ClpP superfamily ( Fig. 2C) (14) (15) (16) (17) (18) , even though the amino acid sequence identity between CT domains and these other proteins is less than 14%. Several crotonase/ ClpP proteins are acyl-CoA-dependent enzymes that catalyze various reactions for fatty acid ␤-oxidation (4, 15, 17, 18) . However, there are substantial differences in the oligomerization state and the composition of the active site between CT and other crotonase family members. In addition, the domains in CT contain substantial insertions to the crotonase/Clp fold (Fig. 2, A to C) , and some of these inserted segments are important for the oligomerization of the enzyme (Fig. 1C) .
A dimer of the CT domain is observed in all the structures that we have determined so far (Fig. 1C) , and the organization of this dimer is essentially the same in these different structures. About 5300 Å 2 of the surface area of each monomer is buried in the dimer interface, involving mostly residues that are highly conserved among the ACCs (fig. S1 ). A stable and conserved dimer is consistent not only with the x-ray data but also with gel-filtration and lightscattering studies in solution (19) as well as the ␣ 2 ␤ 2 stoichiometry of the bacterial CT subunits (4). The dimer is formed by the side-to-side arrangement of the two monomers, in such a way that the N domain of one molecule is placed next to the C domain of the other (Fig.  1C) . The ␣6A-␣6D insertion in the C domain of one monomer (Fig. 2B ) is interdigitated between the ␤7A-␤7D insertion ( Fig. 2A ) and the core of the N domain of the other monomer (Fig. 1C) . The insertion between ␤4 and ␤5 of the C domain ( Fig. 2B ) also contributes to the formation of the dimer.
The structure of the CoA complex shows that the active site of the enzyme is at the interface of the dimer, with approximately equal contributions from the N and C domains of the two monomers (Figs. 1C and 3A). The active site is located in a cavity between the small ␤ sheets (with strands ␤5, ␤7, ␤9, and ␤11) of the ␤-␤-␣ superhelix of the two domains (Fig. 3A) . Above these two ␤ sheets, the ␣6 helices of the two domains form two walls, providing additional binding surfaces for the CoA and biotin substrates as well as restricting their directions of approach ( The CoA molecule is mostly associated with the N domain of one molecule in the dimer (Fig.  3A) . The N1 and N6 atoms of the adenine base are recognized by hydrogen bonds with the main chain of residues immediately after ␤7 in the N domain (Fig. 3A) . Ј (the residue numbers with primes indicate the second monomer). The pantotheine arm lies on the surface of the small ␤ sheet in the N domain, and the thiol group is placed in the cavity between the two domains (Fig. 3A) . Although acetyl-CoA was used in the crystallization, there was no electron density for the acetyl group, and only the CoA molecule is included in the current atomic model. In the other active site of the dimer, only the electron density for the adenine base of the coenzyme was observed (Fig. 1C) , suggesting that the rest of the CoA molecule is disordered in this binding site. The binding mode of CoA in CT shows general similarity to that observed in crotonase ( fig. S3) .
Based on the location of CoA, it is likely that the biotin substrate is mostly associated with the small ␤ sheet in the C domain of the other monomer in the active site (Fig. 3A) . This is partly supported by observations with the E. coli biotin ligase/repressor BirA, where the biotin molecule is bound on the surface of a ␤ sheet (20) . If this is true, two domains with similar backbone folds in CT apparently recognize rather different chemical entities.
There are only minor changes in the conformation of the core of the monomer or the organization of the dimer when CoA is bound to the enzyme. The rms distance between 1200 equivalent C␣ atoms of the dimers of the free enzyme and CoA complex is 0.4 Å.
To characterize the functional roles of the conserved residues in the active site, we mutated many of them and determined the kinetic parameters of the mutants for the reverse reaction, which transfers the carboxyl group of malonylCoA to biotin (Fig. 1B and table S1 ). The largest effect on the catalytic activity was observed with the mutation of the Arg 1954 residue, in the C domain (Fig. 3A) , which led to a 75-fold increase in the K m for malonyl-CoA and a 300-fold decrease in the overall k cat /K m (k cat , turnover number) of the enzyme (table S1). Based on our structures, it is likely that this residue is important for recognizing the carboxyl group of malonyl-CoA. This residue may also recognize the carboxyl group of carboxybiotin (Fig. 1B) , which is consistent with the hypothesis that the biotin substrate may be mostly associated with the C domain. Of the charged side chains that interact with the phosphate groups of CoA, mutation of Arg 1731 gave rise to a 14-fold increase in the K m for malonyl-CoA (table S1). Kinetic results with the Arg 2036 Ј mutant suggest that it makes only minor contributions to the binding of CoA (table S1) .
Kinetic and chemical modification studies of E. coli CT have suggested that a cysteine residue may act as a general base to initiate the carboxylation of acetyl-CoA (4). Our structure does not show a cysteine residue in the active site (Fig. 3A) . In addition, we have mutated those residues in the active site that could function as a general base (Tyr , and kinetic studies showed that these residues are not required for catalysis (table S1) . Therefore, the structural and mutagenesis studies support a mechanism in which the N1 atom of biotin itself functions as the general base (Fig.  1B) (3) . This contrasts with the crotonases, where an acidic side chain of the enzyme is required for catalysis (Fig. 2C) .
Herbicides that target the CT domain are powerful inhibitors of plastid ACC and can kill sensitive plants by shutting down fatty acid biosynthesis (11) . Mutagenesis and biochemical studies showed that an Ile residue in the CT domain plays an important role in determining the sensitivity of the wheat enzyme to the commercial herbicides (11) . An Ile3 Leu mutation renders the wheat enzyme resistant to the herbicides, and plant ACCs that are insensitive to the herbicides have a Leu residue at this position. This residue is equivalent to Leu 1705 in yeast ACC ( fig. S1 ), which is located on helix ␣4 of the N domain, deep at the bottom of the active site cavity and also in the dimer interface ( Fig. 3A) . Leu 1705 is unlikely to contact the substrate directly as it is about 8 Å from the thiol group of CoA (Fig. 3A) . Thus, mutagenesis and structural information suggest that the herbicides target the active site of CT.
Our kinetic experiments showed that the herbicide haloxyfop is a competitive inhibitor of yeast CT with respect to the substrate malonyl-CoA (Fig. 3C) , which is consistent with herbicide binding at the active site. The inhibition of yeast CT by haloxyfop is very weak, with an inhibition constant (K i ) of about 0.5 mM (Fig. 3C) . The herbicide is a poor inhibitor of the L1705I mutant of yeast CT as well (table S1) (19) . These observations, together with those on the apicoplast ACC of Toxoplasma gondii (21) , indicate that there are additional structural determinants for the binding of these compounds to the active site of CT.
Based on the structural, biochemical, and mutagenesis observations, it may be possible that part of the herbicide is bound in the cavity between the two domains in the active site (Fig. 3A) . This cavity extends from the thiol group of CoA to the side chains of Leu 1705 and Ser 1708 and is mostly hydrophobic in nature. The proximity of the inhibitor to Leu 1705 is consistent with its importance in determining the herbicide sensitivity of plant ACCs. The carboxyl group of the inhibitor may mimic the carboxyl group in the malonyl-CoA substrate of the enzyme.
The successful development of inhibitors against the active site of the CT domain of plant ACCs holds promise for the development of inhibitors against other CT domains, especially that of human ACC2. The control of herbicide sensitivity by a single amino acid in the wheat enzyme demonstrates that it could also be possible to identify highly selective inhibitors of mammalian enzymes. For example, inhibitors that target human ACC2 while having only minor effects on ACC1 may prove beneficial for controlling body weight (8) . Our structural information about the CT domain provides a starting point for understanding the catalysis by this enzyme as well as for designing and optimizing its inhibitors. The unique ability of enzymes to synchronize multiple interactions at specific sites with reactants, intermediates, and products defines the reaction pathway and is the source of the enormous rate acceleration accomplished by enzymes (10 7 -to 10
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-fold) (1) (2) (3) (4) (5) (6) (7) (8) (9) . The study of the reaction pathway as it proceeds within the protein walls continues to be the focal point of bioorganic chemistry. Kinetic investigations of enzyme catalysis on natural substrates and the study of unreactive mimics of the ground state and transition state have contributed greatly to our understanding of the steric and electronic structures of reaction coordinate species (10) (11) (12) (13) (14) (15) . An actual image of each chemical species formed is, however, the ultimate goal.
X-ray crystallography is the conduit to such images (16, 17) . If a chemical species is 
